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OBJECTIVE

Patients with type 1 diabetes now live long enough to experience cognitive decline.
During middle age, they show mild cognitive deficits, but it is unknown whether
severity increases with aging or whether cognitive profiles are similar to those of
age-matched peers with and without diabetes.

RESEARCH DESIGN AND METHODS

We tested and compared cognition in 82 individuals with 50 or more years of type 1
diabetes (Medalists), 31 age-matched individuals with type 2 diabetes, and 30 age-
matched control subjects without diabetes. Medical histories and biospecimens
were collected. We also evaluated the association of complications with cognition
in Medalists only.

RESULTS

Compared with control subjects, both individuals with type 1 diabetes and
individuals with type 2 diabetes performed worse on immediate and delayed
recall (P £ 0.002) and psychomotor speed in both hands (P £ 0.01) and showed a
trend toward worse executive function (P = 0.05). In Medalists, cardiovascular
disease was associated with decreased executive function and proliferative diabetic
retinopathy with slower psychomotor speed.

CONCLUSIONS

Both patients with type 1 and patients with type 2 diabetes showed overall worse
cognition than control subjects. Further, in Medalists, a relationship between com-
plications and cognition was seen. Although both groups with diabetes showed
similar deficit patterns, the underlying mechanisms may be different. Now that
patients with type 1 diabetes are living longer, efforts should be made to evaluate
cognition and to identify modifying behaviors to slow decline.

Two decades ago, patients with type 1 diabetes typically did not live beyond
55 years, an age before symptoms of late-onset dementia typically begin to arise
(i.e., age 65 years) (1). However, as longevity with type 1 diabetes increases, it is
unknown whether these individuals have the same propensity for dementia or for
accelerated aging pathologies as patients with type 2 diabetes (2). Therefore,
evaluation of older individuals with type 1 diabetes for deficits in psychomotor
efficiency, attention, and executive function reported in young and middle-aged
adults is warranted (3).
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Normal aging first impacts the frontal
lobe, and thereby executive function,
while medial temporal decline (associ-
ated with memory loss) is more closely
linked with Alzheimer disease (AD) pa-
thology (4,5). The latter type of memory
loss is more common in those with
type 2 diabetes. In contrast, executive
function usually declines first in vas-
cular dementia (6). However, among
those with type 1 diabetes, memory has
been noted to be less affected during
early-life and middle age than other
forms of cognition (3). Other large co-
horts, such as the Diabetes Control and
Complications Trial (DCCT)/Epidemiology
of Diabetes Interventions and Compli-
cations (EDIC) cognitive study, investi-
gated the impact of glycemic control
on cognition and demonstrated that
intensive glucose control did not af-
fect cognition in young or middle-aged
adults (7). This finding mitigated con-
cerns that the negative consequences
of hypoglycemia would offset any bene-
fits in glucose control. However, since the
average age at study end was 46 6 7
years and the average life span of pa-
tients with type 1 diabetes, until recently,
was ,54 years (8), the DCCT/EDIC study
was not informative about the status of
cognition in elderly patients with type 1
diabetes.
The aim of this study is to gain better

insight into long-term cognitive out-
comes; thus, a subset of 50-Year Me-
dalists, a cohort of well-characterized
(n = 952) individuals from across the
U.S., were assessed for cognitive sta-
tus. Among these individuals, 82 were
compared with age-matched individuals
with type 2 diabetes (n = 31) and control
subjects (n = 30) using standard cognitive
assessments.
After 50 years of type 1 diabetes,

nephropathy, retinopathy, neuropathy,
and cardiovascular disease (CVD) are
believed to have already manifested; as
such, a relationship with cognitive dys-
function would likely be detectable. In
addition, we can assess whether small-
and large-vessel diseases show a differen-
tial association with cognitive performance.
Therefore, the aims of this analysis were
to compare thosewith.50 years of type 1
diabetes duration, those with type 2 di-
abetes, and those without diabetes to
examine which cognitive deficits may be
attributable toage, long-termhyperglyce-
mia, and insulin resistance. An additional

aim was to determine whether there is
an associationbetween cognitive changes
and complications in type 1 diabetes.

RESEARCH DESIGN AND METHODS

Study Design
This is a comparison of three study
cohorts, examining cognitive function
in 82 individuals with 50 or more years
of documented insulin-dependent dia-
betes (Medalists).

Individuals were recruited consecu-
tively from the parent Medalist study.
For comparison, we studied 31 age-
matched patients with type 2 diabetes
(23 Joslin patients and 8 patients re-
cruitedvia craigslist) and30age-matched
control subjects without diabetes (re-
cruited via craigslist) (Table 1). The Med-
alist study has previously been described
extensively (9,10). In brief, the Medalist
study consists of 952 individuals from all
50 U.S. states who were characterized at
the Joslin Diabetes Center by comple-
tion of medical history questionnaires
and undergoing clinical and ophthalmic
exams to evaluate complications with
collection of biospecimens. Medical in-
formation and medication history for
control subjects and for those with
type 2 diabetes were gathered from
medical records and questionnaires. Be-
cause some of the patients with type 2
diabetes and control subjects under-
went MRI scanning as part of a separate
study, exclusion criteria included exist-
ing central nervous system disorders
or other illnesses affecting neurological
function and antipsychotic medication
use. Contraindications to MRI included
BMI .40 kg/m2 owing to weight limits
on the scanner and claustrophobia. Many
of the patients with type 2 diabetes were
part of a separate study with the follow-
ing exclusion criteria: heart disease, pro-
liferative retinopathy, and autonomic
neuropathy. Those patients with type 2
diabetes who only participated in the
current study had the same inclusion and
exclusion criteria as the patients with
type 2 diabetes who participated in the
additional study so as to keep the groups
uniform. Diabetes status for non-Joslin
patients was verified by fasting glucose
values .7.0 mmol/L.

All procedures were done and in-
formed consent was obtained from all
subjects prior to participation in the
study in accordance with the Joslin Di-
abetes Center Committee on Human

Subjects Institutional Review Board re-
view.

CVD status was based on standardized
validated self-reported questions re-
garding history of coronary artery dis-
ease, angina, heart attack, prior cardiac
or leg angioplasty, or bypass graft surgery.
Peripheral vascular disease consisted of
self-reported history of leg angioplasty
or leg bypass graft surgery. Several studies
have demonstrated the reliability and
validity of self-reported heart disease
(11–13).

Nephropathy was determined by an
estimated glomerular filtration rate (eGFR)
of ,45 mL/min/1.73 m2. Early Treatment
Diabetic Retinopathy Study 7-field criteria
was used for proliferative diabetic reti-
nopathy (PDR) determination. The Mich-
igan Neuropathy Screening Instrument
(scores $2) was used to assess neurop-
athy. Medalists were asked about fre-
quency and intensity of regular physical
activity. Hypertension was considered as
systolic blood pressure .135 mmHg or
diastolic .85 mmHg at the time of visit
and/or current report of blood pressure
medications. HbA1c was determined by
high-performance liquid chromatography
(Tosoh G7 and 2.2; Tosoh Corporation,
Tokyo, Japan); C-reactive protein, HDL,
and C-peptide measurement methods
were previously described by Sun et al. (9).

Cognitive Testing

Prior to cognitive assessment, blood glu-
cose levels needed toexceed4.4mmol/L.
If levels were below this value, a snack
was given and glucose readings were
taken every 15 min until an adequate
level was reached.

All study participants were adminis-
tered the Wechsler Abbreviated Scale of
Intelligence (WASI) (14), the Trail Making
Number-Letter Switching subtest from
the Delis-Kaplan Executive Function Sys-
tem (D-KEFS), the Letter-Number Sequenc-
ing subtest from the Wechsler Memory
Scale III, the Rey Auditory Verbal Learning
Test, and the Grooved Pegboard for both
the dominant and nondominant hand.
This battery allowed us to assess general
intelligence, executive function, working
memory, long-termmemory, and psycho-
motor speed, respectively.

WASI provides a reliable, psycho-
metrically sound estimate of intelligence
using two (as in the current study) or
four subtests, yielding three compos-
ite intelligence quotient (IQ) estimates
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(Verbal, Performance, and Full Scale IQ
[FSIQ]). Correlations with other tests of
the same domains (in the range of 0.66–
0.88) help support the validity of the
scales. The WASI manual provides nor-
mative references and extensive docu-
mentation of psychometric properties
(14). The number-letter switching sub-
test of the D-KEFS is a measure of ex-
ecutive function. Participants must
connect scrambled letters and numbers
in ascending alternating order as quickly
as possible and are scored by time to
complete plus errors. Validity of these
measures has been assessed by compar-
isons with other similar tests (15). The Rey
Auditory Verbal Learning Test is a 15-item
word test measuring auditory-verbal
learning and memory and is presented
five consecutive times in the same order

with a recall test after each trial. After a
30-min delay, a free-recall test is admin-
istered without repeating the list. The
validity of this measure is demonstrated
by its high correlationwith other standard-
izedmemory tests such as LogicalMemory
of the Wechsler Memory Scale–Revised
(15). The Letter-Number Sequencing sub-
test of the Wechsler Memory Scale III was
used to assess workingmemory. Its validity
as a test of auditory working memory is
notedby confirmatory factor analyses (15).
The Grooved Pegboard is a psychomotor
speed and efficiency task, scored accord-
ing to time for completion combinedwith
the number of dropped pegs. The val-
idity of this task as a measure of motor
speed and psychomotor processing
comes from its demonstrated relation-
ship with other tests of motor speed

(e.g., tapping) as well as with measures of
attention and perceptual speed and non-
verbal reasoning (15).

Statistical Analyses

The distributions of relevant variables
were examined for outliers and to deter-
mine appropriate statistics for use. x2,
Kruskal-Wallis, and ANOVA tests were
used to examine categorical differences.
Linear models were constructed to adjust
for covariates and for effect modification.
All variables significant in the bivariable
comparisons at the a = 0.1 levels were
tested in the multivariable model with the
main effect and remained in the model if
significant at P , 0.05 with other cova-
riates, or were confounders using the
15% change rule or significant as part of
an interaction term. Confounders tested
in the model include age, HbA1c, BMI,
diastolic and systolic blood pressure, LDL
and HDL, total cholesterol, and triglycer-
ides. Descriptive statistics are presented
as mean (SD) or percentage (n) as appro-
priate. Cohen’s delta (d) was also used to
assess effect size between groups. SPSS,
version 19 (SPSS, Chicago, IL), Stata/SE
(StataCorp, College Station, TX), and SAS,
version 9.4 (SAS Institute, Cary, NC), were
used to perform analyses.

RESULTS

A subset of the Medalist population
(n = 82) was tested between February
2013 and August 2016. The mean 6
SD age was 66.5 6 7.1 years, age at
diagnosis 11.5 6 6.2 years, duration of
type 1 diabetes 55.2 6 5.1 years, and
HbA1c 7.16 0.8% (54.06 8.6 mmol/mol).
The prevalence of CVD was 34.6%, PDR
41.9%, and diabetic nephropathy 4.9%.
Key diabetes characteristics (i.e., HbA1c,
diabetes duration, and age at diagnosis)
did not differ meaningfully between the
subgroup and the overall Medalist cohort
(Supplementary Table 1). CVD risk factors
were less favorable in patients with type 2
diabetes than Medalists including HDL,
triglycerides, HbA1c, diastolic blood pres-
sure, and fasting glucose (Table 1). The
control group showed a trend toward
being younger (64 6 3.9 vs. 66.5 6 7.1
years for control subjects vs. Medalists,
respectively; P = 0.05), and sex distri-
bution was 60% male for control subjects
vs. 45.1% for Medalists.

Cognitive Findings
The mean 6 SD WASI FSIQ score was
120.36 8.7, 117.16 12.5, and 111.86 12.8

Table 1—Characteristics of participants by diabetes group

No diabetes**
Type

1 diabetes
Type

2 diabetes** P* P†

N 30 82 31

Sex (female) 40.0 (12) 54.9 (45) 48.4 (15) 0.37 0.54

Age (years) 64.0 6 3.9 66.5 6 7.1 69.3 6 8.1 0.02 0.25

Age at diagnosis (years) N/A 11.5 6 6.2 50.3 6 11.9 ,0.001

Duration of disease (years) N/A 55.2 6 5.1 19.1 6 15.6 ,0.001

HbA1c (%) 5.6 6 0.4 7.1 6 0.8 8.1 6 1.4 ,0.001 0.001

HbA1c (mmol/mol) 38.1 6 4.0 54.0 6 8.6 64.7 6 15.6 ,0.001 0.001

BMI (kg/m2) 27.6 6 4.9 26.1 6 4.8 31.3 6 6.3 ,0.001 ,0.001

Diastolic blood pressure
(mmHg) 72.5 6 10.1 66.0 6 7.5 72.3 6 8.7 ,0.001 0.001

Systolic blood pressure
(mmHg) 125.8 6 13.6 134.16 17.7 135.8 6 13.9 0.02 0.40

LDL cholesterol (mmol/L) 2.7 6 0.8 2.0 6 0.7 2.2 6 0.9 0.002 0.48

HDL cholesterol (mmol/L) 1.4 6 0.5 1.8 6 0.5 1.3 6 0.5 ,0.001 ,0.001

Total cholesterol (mmol/L) 4.8 6 0.9 4.2 6 0.9 4.3 6 1.3 0.01 0.83

Triglycerides (mmol/L) 1.5 6 0.8 0.7 6 0.2 1.7 6 0.8 ,0.001 ,0.001

Fasting glucose (mmol/L) 4.5 6 0.9 7.0 6 2.1 10.7 6 4.7 ,0.001 0.001

CVD 34.6 (28)

PDR (ETDRS .53) N/A 41.9 (31) 8.3 (1)

Diabetic nephropathy (eGFR
#45 mL/min/1.73 m2) N/A 4.9 (4) 8.3 (1)

Neuropathy (MNSI $2) N/A 64.0 (48) 25.0 (3)

Hypertension 55.6 (5) 67.1 (53) 66.7 (8)

Antihypertensive use 33.3 (3) 59.0 (46) 58.3 (7)

Lipid-lowering medication 11.1 (1) 68.8 (55) 41.7 (5)

Report physical activity 84.2 (69)

Report ever smoking 44.4 (4) 41.5 (34) 33.3 (4)

Insulin use N/A 100.0 (82) 66.7 (8)

Values arepresentedasmean6SD for continuous variables and%(n) forcategorical variablesunless
otherwise noted. ETDRS, Early Treatment Diabetic Retinopathy Study Score; MNSI, Michigan
Neuropathy Screening Instrument; N/A, not applicable. *P value from ANOVA comparison across
the three groups: no diabetes, type 1 diabetes (Medalists), and type 2 diabetes. †P value from
Kruskal-Wallis comparison of type 1 diabetes (Medalists) and type 2 diabetes. **Some clinical
characteristics unavailable or available for a subset of participantswithout diabetes and participants
with type 2 diabetes.
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for the control subjects, Medalists, and
patients with type 2 diabetes, respec-
tively. Initial analyses indicate that di-
abetes status differentiates measures
of immediate and delayed recall (P #
0.002), psychomotor speed both in dom-
inant and nondominant hands (P# 0.01)
(Table 2), and a trend for a difference in
executive function (P = 0.05) between all
groups with varying degrees of glycemic
tolerance. This was confirmed by the
estimate of effect using Cohen’s d, which
suggests that there were large differences
between Medalists and those with-
out diabetes, particularly in the areas
of immediate and delayed memory
(Cohen’sd=0.98 and 0.78, respectively)
(Supplementary Table 2). In an unad-
justed comparison, those with diabetes
(type 1 and type 2) were similar on most
facets. This remained true for immediate
and delayed recall with adjustment for
the potential confounders of age and IQ
among Medalists (unadjusted: immediate
b = 20.018, P = 0.0001, and delayed
b =20.016,P=0.0034;ageand IQadjusted:
immediate b = 20.014, P = 0.004, and
delayed b = 20.011, P = 0.05) (data not
shown). Individuals with type 2 diabetes
also performed worse than control sub-
jects on these tests, with immediate recall
reaching significance (adjusted for age
and IQ, P = 0.02) and delayed recall
approaching significance (adjusted for
age and IQ, P = 0.11 [Fig. 1]) (unadjusted
[Table 2]).

Complications
Complications data were only available
on Medalists. The largest differences in
cognitive function were found between
those with and without CVD (Cohen’s
d = 20.62 for D-KEFS Trail Making task
[Number-Letter Switching]) and for di-
abetic retinopathy (Grooved Pegboard

[dominant hand]: Cohen’s d = 0.58) (Table 3
and Supplementary Table 3). Traits asso-
ciated with cognitive deficits included
those associated with insulin resistance
including higher BMI (mean6 SD27.86
5.1 vs. 25.16 4.5 kg/m2, P = 0.02), higher
prevalence of hypertension (89.3% vs.
54.0%, P = 0.002), and statin use (82.1%
vs. 60.8%, P = 0.05).

A higher proportion of those without
CVD reported regular physical activity.
Among those with PDR, there was a
borderline difference in duration (mean 6
SD 56.76 6.3 vs. 54.06 3.6 years, P = 0.10)
and a significant difference in eGFR; how-
ever, mean levels were not,60mL/min/
1.73 m2 in either group. Additionally,
those with PDR showed a similar pattern
of hypertension and statin use (data not
shown).

CVD was independently associated
with executive function as measured
by D-KEFS Trail Making task (Number-
Letter Switching) (Fig. 2A), even after
adjustment for factors associated with
insulin resistance (lipids, statin use, and
BMI). HbA1c was significant in the ad-
justed model (CVD: b = 21.2, P = 0.03;
HbA1c: b =20.73, P = 0.04). Additionally,
psychomotor speed in the dominant
hand was significantly associated with
PDR (101.7 vs. 117.9, P = 0.03) (Fig. 2B),
and this effect was independent of age
(PDR: b = 14.79, P = 0.03; age: b = 1.66,
P = 0.03). While a significant difference
was found between nephropathy status
(eGFR #45 mL/min/1.73 m2) and IQ,
there were only n = 4 in the nephropathy
group, and this association was indepen-
dent of adjustment for age and CVD.
Neuropathy status was not associated
with differences in any of the cognitive
facets measured on either a univariable or
multivariable level (data not shown).

CONCLUSIONS

In this comparison, both those with
type 1 diabetes and those with type 2
diabetes show deficits in cognitive func-
tion, particularly in memory, compared
with those without diabetes. We note
that IQ in the three groups studied was
higher than what is found in the general
population and could affect baseline cog-
nitive function. This suggests that the
generalizability of these findings may
be limited to those with IQ in the higher
range. To address the possible confound-
ing effect of IQ, we adjusted for IQ in the
analysis of cognitive performance. Our
findings vary from what was previ-
ously documented (3) in that those with
shorter-duration type 1 diabetes expe-
rience deficits in cognitive function, in-
cluding psychomotor speed, attention,
and executive function. In Medalists,
the pattern of cognitive performance is
similar to that seen in the age-matched
individuals with type 2 diabetes, affect-
ing primarily memory. The underlying
mechanism is likely to be weighted more
to hyperglycemia than insulin resistance,
which is often the underlying culprit in
type 2 diabetes. In Medalists, long-term
hyperglycemia may have led to the accu-
mulation of damage to both the paren-
chyma and vasculature of the brain (16).
Our data showing association with vas-
cular complications support this theory.

Longitudinal studies show that cogni-
tion is negatively affected in type 1 di-
abetes (17). The mechanisms proposed
include insulin resistance, inflammation,
oxidative stress (18), and neurovascular
dysfunction (19). There has been less
research in older individuals with type 1
diabetes but, in two studies, individuals
showed mild decrements in cognition
relative to control subjects, especially in

Table 2—Cognitive scores by diabetes group

Cognitive Test No diabetes Type 1 diabetes Type 2 diabetes P* P† P‡ P**

N 30 82 31

Grooved Pegboard (dominant hand) time (s) 92.6 6 20.5 108.2 6 27.9 114.4 6 41.6 0.009 0.001 0.05 0.93

Grooved Pegboard (nondominant hand) time (s) 99.8 6 23.3 125.6 6 51.2 117.4 6 42.1 0.01 0.002 0.21 0.34

Letter-Number Sequencing (scaled) 12.2 6 3.2 11.1 6 3.2 11.2 6 2.4 0.17 0.10 0.08 0.88

Immediate Memory (scaled) 62.8 6 13.3 50.0 6 12.9 49.9 6 10.0 ,0.001 ,0.001 ,0.001 0.97

Delayed Memory (scaled) 58.1 6 10.7 49.2 6 12.0 49.3 6 9.9 0.002 0.001 0.003 0.91

Wechsler Abbreviated Scale of Intelligence FSIQ 120.3 6 8.7 117.1 6 12.5 111.8 6 12.8 0.03 0.19 0.008 0.08

D-KEFS: Number-Letter Switching (scaled) 12.0 6 2.1 10.9 6 2.3 11.2 6 2.8 0.05 0.02 0.22 0.37

Dataaremeans6SDunlessotherwisenoted.Dataarenotadjusted.*Pvalue fromANOVAcomparisonacross the threegroups:nodiabetes, type1diabetes
(Medalists), and type 2 diabetes. †P value from Kruskal-Wallis comparison of no diabetes and type 1 diabetes (Medalists). ‡P value from Kruskal-Wallis
comparison of no diabetes and type 2 diabetes. **P value from Kruskal-Wallis comparison of type 1 diabetes (Medalists) and type 2 diabetes.
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information processing speed (20,21).
One longitudinal study with a 4-year
follow-up period demonstrated that pa-
tients with type 1 diabetes with significant
comorbidities continued to decline in
several cognitive facets relative to control
subjects, whereas there was not a signif-
icant decline among those without com-
plications compared with control subjects
(21).

It is difficult to pinpoint the underly-
ing cause of this elevated risk in either
group, although neuroimaging studies
comparing modest to relatively large-
sized groups of patients with diabetes
with individuals without diabetes have
brought us closer to understanding the
impact that diabetes has on the brain
(20,22,23). Brain imaging techniques al-
low us to measure glucose metabolism,

brain activity, and brain structure to
identify vulnerable brain regions and
susceptible forms of cognition. Cutting
edge techniques, such as dynamic con-
trast imaging that allow us to visualize the
integrity of the blood-brain barrier, can
carry risks to the patient and are highly
specialized and not widely available (24),
and the research done to determine the
molecular underpinnings of oxidative stress
or disruptions in insulin signaling have
required animal models. Still, brain imag-
ing and cognitive testing can help inform
molecular biologists of where to shine
the spotlight.

The present analysis indicates that
despite memory scores within normal
limits, performance is worse in individ-
uals with 50 or more years of type 1
diabetes compared with age-matched
control subjects without diabetes. Exec-
utive function and working memory do
not differ significantly between type 1
and type 2 diabetes, and both groups
performed more poorly than participants
without diabetes. Immediate and de-
layed memory were the most affected
cognitive functions, as these forms of
memory showed statistical significance
or trended toward higher performance in
control subjects relative to patients with
type 1 or type 2 diabetes, as demon-
strated by effect size estimates and ad-
justed analyses.

Reduced performance in Medalists
does not necessarily indicate a propensity

Figure 1—Comparison of immediate and delayed memory assessed by the Rey Auditory Verbal
Learning Test across study groups. Medalists (filled), individuals with type 2 diabetes (white), and
control subjects without diabetes (NDM) (cross-hatched). Means6 SD are presented. *Adjusted
for age and IQ.

Table 3—Cognitive assessment score by complication status in 50-Year Medalists

No CVD CVD No PDR PDR
No

nephropathy Nephropathy
No

neuropathy Neuropathy

N 53 28 43 31 78 4 27 48

Grooved Pegboard
(dominant hand)
time (s) 106.4 6 24.4 112.5 6 34.0 101.7 6 24.9 117.9 6 30.5* 106.8 6 26.4 130.36 44.2 102.4 6 27.9 110.2 6 26.1

Grooved Pegboard
(nondominant
hand) time (s) 125.9 6 52.6 126.3 6 50.5 119.2 6 53.3 134.5 6 51.2 124.3 6 51.4 146.06 49.2 109.9 6 34.0 129.2 6 54.0

Letter-Number
Sequencing (scaled) 11.5 6 3.3 10.3 6 3.0 10.9 6 3.4 10.9 6 3.1 11.1 6 3.2 10.5 6 2.1 11.3 6 2.6 10.7 6 3.5

Immediate Memory
(scaled) 51.4 6 13.4 48.3 6 12.0 49.3 6 11.7 49.2 6 15.1 50.0 6 13.2 51.0 6 7.9 51.2 6 14.0 48.2 6 12.3

Delayed Memory
(scaled) 50.0 6 12.0 48.3 6 12.4 47.4 6 11.0 49.9 6 13.5 49.4 6 12.0 44.9 6 14.7 49.2 6 11.3 48.8 6 12.0

Wechsler Abbreviated
Scale of Intelligence
FSIQ 117.9 6 11.7 115.1 6 14.0 120.0 6 11.3 112.5 6 13.0* 118.0 6 12.1 101.06 7.4* 120.2 6 11.9 115.5 6 12.5

D-KEFS: Number-Letter
Switching (scaled) 11.4 6 2.3 10.0 6 2.2* 11.0 6 2.3 10.7 6 2.5 10.9 6 2.4 10.7 6 1.5 11.1 6 2.4 10.8 6 2.4

Data are presented asmeans6 SD unless otherwise noted. *Significant P value (,0.05) from Kruskal-Wallis comparison of complication(s) and no complications.
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for dementia. It is difficult to ascertain
whether memory decline signals normal
aging or accelerated decline due to the
aging process (25). Using hospital visits to
determine risk for AD or vascular demen-
tia in both patients with type 1 and
patients with type 2 diabetes, Smolina
et al. (26) found that each population
showed an elevated and similar risk for
any form of dementia (in particular, vas-
cular). Careful examinations are needed
to evaluate whether memory is dispro-
portionately affected by each type of
diabetes, especially in recall, relative to
other forms of cognition (e.g., executive
function). Further, both functional and
structural MRI studies have been helpful
in identifying abnormalities, as some func-
tional MRI studies suggest that patients
with amnesticmild cognitive impairment
have hippocampal hyperactivation during
active learning as a means of compen-
sating for poorer memory (27). Further,
patterns of regional volumetric loss in
frontal versus medial temporal lobes
may assist in differentiating normal aging
from AD, as the normal aging process
impacts the frontal lobes first. This is in
contrast to AD in which the hippocampus
and entorhinal cortex are affected first
(25). Further, those at risk for AD show
disproportionate problems in autobio-
graphical memory. When standard mne-
monic devices, such as retrieval cues, are
ineffective but other forms of cognition,
such as executive function, are relatively
unaffected, this may indicate that mem-
ory impairment is due to the dementing
process and not to normal aging (28).
Longitudinal studies examining these neu-
rocognitive and MRI patterns should be
conducted to distinguish dementia from

accelerated aging. The latter may bemod-
ifiable, as it is due to persistent hypergly-
cemia that can be managed with better
glycemic control (29).

We found that psychomotor speed was
slower inbotholder individualswithtype1
and older individuals with type 2 diabetes
compared with control subjects. Psycho-
motor speed is typically impaired in type 1
diabetes and may be tied to basal ganglia
or white matter integrity (30). In our
earlier research using voxel-based mor-
phometry, we showed hyperglycemia-
associated reduced graymatter density in
posterior cingulate, superior temporal gy-
rus, and parahippocampal gyri (23). These
regions are important for learning and
memory andmaybe a possible contributor
to poorer memory performance.

The association between CVD and ex-
ecutive function signifies the importance
of the integrity of the large brain vessels
that serve the frontal lobes (e.g., anterior
cerebral artery), which are important in
decision-making and attention, which are
key components of executive function.

Similar associations between psycho-
motor performance and macrovascular
risk factors were also found in the
shorter-duration (24.5 years) EDIC co-
hort, but further follow-up data are not
yet available on this population. Individ-
ualswith type1diabetes oftenhave early
atherosclerotic calcification, which com-
bined with the aging process in the older
Medalists may accelerate cerebrovascu-
lar disease (31). Importantly, an advan-
tage of the diabetes duration among
Medalists is that it is long enough to
evaluate the association of complications
on the brain in a way that is not possible
in younger cohorts, as complications

have likely fully manifested after 50 years
of disease duration. This is critical as not
only the incidence of type 1 diabetes
increases but also as increasing longevity
with the disease has now been docu-
mented by several groups (32–34). This
line of research allows us to contrast
the ways in which glycemic dysregulation
in type 1 diabetes is linked to cognitive
dysfunction compared with type 2 diabe-
tes. We recognize that insulin resistance
may also play a role, although it would be
expected to be less pervasive owing to
relatively lean body mass and low insulin
doses in Medalists. There is little previous
research on cognition in elderly patients
with type 1 diabetes; thus, a concerted
effort must be made to longitudinally
assess elderly patients with type 1 diabe-
tes on a neurocognitive battery. Repeated
testing could provide an early screening
tool that can be used for development
of potential therapies as is used in those
with type 2 diabetes (35). If cognition
does declinemore rapidly in patientswith
type 1 diabetes compared with individuals
without diabetes, the contributory factors
need to be identified so that symptom-
ameliorating therapies can be imple-
mented.

As this is not a longitudinal study, we
cannot tell the order of complication
development and cognitive changes can-
not be determined. However, aswe know
the incidence curve for microvascular
complications plateaus around 30 years’
duration and we now see subclinical
symptomology, we may be able to say
that nephropathy and PDR predate the
cognitive deficits. As there are many
aspects to cognitive function critical to
daily life, a wider battery would have been

Figure 2—A: Executive function performance assessed by D-KEFS Trail Making task (Number-Letter Switching) and depicted according to presence or
absence of CVD in Medalists. Means 6 SD are presented. *Adjusted for lipids, statin use, and BMI. B: Psychomotor speed measured by Grooved
Pegboard assessment and depicted according to presence or absence of PDR in Medalists. Means 6 SD are presented. *Adjusted for age.
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optimal. However, to limit confounding
from fatigue, the number and length of
the cognitive testing were limited, as the
total study visit was 5 h. Further, our
executive function test had a psychomo-
tor speed component and may not reflect
purely executive function. We had fewer
patients with type 2 diabetes and control
subjects and were not able to collect as
much clinical data for these participants as
for the Medalists. However, despite these
shortcomings, given that the Medalists
are exceptionally well suited to answer
questions concerning cognitive decline
in the elderly and in long-duration type 1
diabetes, we thought the endeavor well
worth pursuing. We view it as a way to
gain some insight into cognitive abilities
in this population to help design a larger
study that can fill in the gaps.
In summary, this is the first study to

measure cognition in patients with type 1
diabetes with minimum duration of
50 years. These patients were compared
with similarly aged patients with type 2
diabetes and age-matched control sub-
jects. Patients with either type 1 or type 2
diabetes performed worse than control
subjects on measures of memory and
psychomotor speed, with a trend toward
poorer executive function despite scores
in the normal range. When we considered
patients with type 1 diabetes only, pa-
tients with CVD, a macrovascular compli-
cation, showed worse performance on
our measure of executive function than
those without CVD, and those with PDR
or diabetic nephropathy (microvascular
complications) showed worse performance
on psychomotor speed than those with-
out these complications.
Addressing the potential of a growing

population with neurodegeneration re-
quires both further study and broader
clinical awareness for those aging with
type 1 diabetes. Efforts should be
made to further study this population
and screen patient populations and
to conduct imaging studies, including
those using MRI, to better understand
these processes. Ultimately, examina-
tion of postmortem specimens may
also help clarify the relative roles of
hyperglycemia, hypoglycemia, and in-
sulin resistance and enable therapeutic
intervention.
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